Livestock grazing is a major driver of ecosystem change, and has been associated with significant declines in various bird species worldwide. In Britain, there is particular concern that severe grazing pressure is deleteriously affecting vegetation and birds in upland regions. However, the mechanism by which grazing affects birds is unclear. Here, we report for the first time, to our knowledge, that sheep grazing pressure affects the egg size of a common upland passerine: the meadow pipit Anthus pratensis. We manipulated sheep stocking densities in a replicated field experiment, and found that plots with the highest stocking density contained nests with the smallest eggs, and that plots with low stocking density contained nests with the largest eggs. However, eggs laid in ungrazed plots were also small, suggesting that either too many sheep or their removal from upland areas might have a detrimental effect on pipit egg size. We found no significant effect on fledging success but the reduced post-fledging survival of young from smaller eggs, as seen in other studies, could partly explain declines in upland birds.
INTRODUCTION
Livestock grazing is a major driver of land use change, both in Europe (Bardgett et al. 1995; Bignal & McCracken 1996) and North America (Fleischner 1994; Brown & McDonald 1995) . Since the 1970s, there has been a large increase in sheep numbers in several European Union countries (Beaufoy et al. 1994) . In Britain, sheep numbers more than doubled from 19.7 million to 41.2 million between 1950 and 1990 , and the subsequent severe grazing pressure has been implicated in dramatic changes in vegetation and bird abundance in the British uplands (Thompson et al. 1995; Fuller & Gough 1999) . Similarly, in North America, the loss and degradation of grassland habitats from grazing has been considered a primary cause of the severe population declines in grassland birds (Askins 1993; Knopf 1994; Vickery et al. 1999 ). However, the processes by which such declines occur have rarely been investigated and no studies, to our knowledge, have considered a life-history perspective for how livestock grazing affects reproductive performance in birds. In this paper we investigate for the first time the impact of livestock grazing on avian reproductive performance during both the egg and the nestling stage.
There are a number of alternative, non-exclusive hypotheses to account for how increasing grazing pressure could influence reproductive performance. Hypothesis 1 (H1) is that livestock grazing could affect bird reproduction through the direct effects of disturbance and trampling (Paine et al. 1996) . In this case, we would expect to see an increase in total nest failures and lower breeding success as grazing pressure increased. Hypothesis 2 (H2) proposes that grazing could indirectly affect birds through altering vegetation structure (Pearce-Higgins & Grant 2002) . If so, we would predict a higher incidence of nest failure due to exposure to weather and predators as grazing pressure increases. Hypothesis 3 (H3) suggests that grazing could reduce food abundance and availability (Dennis et al. 2001; Dennis et al. 2002; Hartley et al. 2003) , so that increased grazing will limit resources for parents to allocate to eggs and young, resulting in fewer and/or smaller eggs, and lower fledging success, respectively. Alternatively, according to hypothesis 4 (H4), increased grazing could have no effect on reproductive performance, either because there is no negative impact, or because parents can compensate for increased costs.
We tested these hypotheses by experimentally manipulating sheep stocking densities. Our study species was the meadow pipit Anthus pratensis, a ground nesting, generalist insectivore (Cramp 1988) and the most common upland passerine in the UK. Within each plot, we recorded breeding meadow pipit territories using standard 'Common Birds Census' techniques, but restricted to this species (see Bibby et al. 1992 ) and searched for nests by rope-dragging. We recorded clutch size, and weighed (G0.1 g) and measured (length and breadthG0.1 mm) the eggs. We estimated egg volume (V ) using Hoyt's (1979) equation
METHODS
where L is the length (cm), B is the breadth at the equator (cm) and the volume coefficient K v was 0.51. We recorded nest location and altitude using a global positioning system receiver with an accuracy of G5 m. Thereafter, we visited nests every 2-3 days to monitor egg and nestling fate. We calculated the laying date for each nest by subtracting 13 days for incubation (Cramp 1988 ) from hatching date. We examined the frequency of predation in each treatment using chi-squared tests in MINITAB v. 13.32 (Minitab Inc., PA, USA).
We used GENSTAT v. 7.2 (VSN International Ltd, Hertfordshire, UK) to analyse egg volume and fledging success. Egg volumes were analysed using linear residual maximum likelihood. Fledging success was analysed using generalized linear mixed models with a binomial error structure and a logit link function. We used altitude of nest (metres above sea level), meadow pipit density in the plot (pairs ha
K1
) and clutch size as covariates in the models. Replicate, and the interaction between replicate and year, were included as categorical fixed effects. Fixed effects were treatment, defined both as a 4-level categorical variable and as a covariate (sheep density), and the linear and quadratic effects of laying date. Nest, plot and the plot!year interaction were included as random effects.
RESULTS
We found 120 nests, from 82 of which we could take egg measurements (the remaining nests contained nestlings only figure 1 ). There was also a significant effect of altitude when adding altitude before replicate in the model, with smaller eggs laid at higher altitudes (F 1,15 Z14.02, p!0.001; table 2). However, this effect was due to differences between the three pairs of replicates, as adding altitude after replicate was not significant (F 1,15 Z0.18, pO0.5). We also found no effect of breeding density, laying date or clutch size on egg volume. We found no effect of egg Livestock grazing affects passerine egg size D. M. Evans and others 323 volume, treatment, or any other factor on the number of eggs that produced a nestling that fledged.
DISCUSSION
We have demonstrated for the first time that sheep grazing pressure affects the egg size of a common upland passerine. Intensively grazed plots (i.e. high stocking density) contained nests with the smallest meadow pipit eggs, and extensively grazed plots (i.e. low stocking density) contained nests with the largest eggs. Interestingly, ungrazed plots contained nests with smaller eggs than lightly grazed plots, demonstrating that both too many sheep and the complete removal of sheep in the uplands adversely affect meadow pipit egg size. We could find no effect of egg size or grazing treatments on fledging success. It is possible that meadow pipits were able to compensate for the negative effects of small eggs through greater parental care (Ricklefs 1984) , but equally, such effects might not become apparent until later in life (e.g. post-fledging survival). These results support the hypothesis that grazing pressure affects food availability and hence limits the amount of resources that parents can allocate to egg production (H3). We can reject the hypothesis that increased grazing has no effect on reproductive performance (H4). Also, our results provide little support for the hypotheses that the adverse effects of grazing pressure act primarily through disturbance (H1) or changes in vegetation structure (H2). Mechanisms determining pipit egg size remain unclear. It is not known to what extent livestock grazing affects pipit territory, and hence parental quality, through altering food abundance or vegetation structure. While our results support the hypothesis that food availability was affected by grazing, the hypotheses are not independent. Indeed, a plausible explanation for our treatment effect is that food availability is a function of both food abundance and vegetation structure (Smith & Rotenberry 1990) . Temperature and nest microclimate could also be important factors that may influence egg size. Further research is necessary to explain the relative importance of each of these factors.
The amount of effort allocated to egg production and incubation may have an important role in determining parental fitness (Monaghan & Nager 1997) . Larger eggs are typically considered advantageous as egg size is positively correlated with hatchling size, nestling growth and survival in a range of species (see Martin 1987 for a review). However, egg size may be a characteristic of individual females and most studies have not controlled for the effects of parental traits (Williams 1994; Christians 2002 ). Yet the female traits that determine egg size are not clear. We do not yet have the data to examine the effect of livestock grazing on parental condition, how female traits affect egg size, nor the longer-term consequences of hatching from small eggs. However, it follows from other work that generally there are disadvantages of hatching from a smaller egg, and these could ultimately have an adverse effect on offspring fitness. Potentially therefore, our study could give a partial explanation for the observed link between increased grazing pressure and declines in grassland birds in both North America and Europe.
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